layer the result of combinatorial arrays of elements and factors (38, 48, 64) . The first layer is direct sequence recognition that likely occurs early in the formation of the spliceosome. U1 snRNA can read the sequence at the 5Ј splice site, and protein factors SF1, U2AF 65 , and U2AF 35 recognize the branch point, the polypyrimidine tract, and the 3Ј splice site, respectively (3, 5, 45, 61, 75) . These and other GSFs interact with each other and can act as molecular rulers sensing the relative locations of the cis-acting elements. Positional and distance information provides a second layer of discrimination that overlies the detection of individual binding sites. This type of information is transmitted via protein-protein interactions in the definition of exons (2) . Another example of this type of distance detection is seen in the ␣-tropomyosin pre-mRNA (63) , where the close proximity of the 5Ј splice site of exon 2 to the branch point upstream of exon 3 precludes the inclusion of both exons into the mRNA. Modulation of splice site strength by proteins of the SR family provides yet another layer of regulation (33, 66, 71) . SR proteins play roles in constitutive splicing and can be considered GSFs; however, in some instances SR proteins have important roles in alternative splicing. These proteins can be recruited directly to the RNA by enhancer elements in exons or introns or indirectly by interactions with other GSFs (36, 43, 58, 67) . hnRNP proteins, some of which bind all premRNAs, can also influence splice site choices, possibly by counteracting SR proteins (6) . hnRNP A1 and polypyrimidine tract binding protein (PTB), two proteins classified as hnRNP proteins, repress certain splicing events and thereby provide a layer of negative regulation. Very precise regulation is provided by the existence of cell-type-specific factors; several of these have been described in Drosophila melanogaster (38) . The integration of the information in these regulatory layers leads to splice site choice.
Negative regulation of exon inclusion is emerging as a critical layer in splice site choice. Fairbrother and Chasin considered why certain exons are selected, while others, which seem perfectly competent, are ignored (21) . These authors suggest that many, and possibly all, exons are under a global repressive influence mediated by many intronic sequences (21) . Thus, splice site utilization can be described as a function of both splice site strength and the intensity of the repressive field within a specific region of a pre-mRNA. This global repressive influence can also contribute to the outcome of regulated alternative splicing events, setting the stage for cell-type-specific derepression of exons (1, 8, 12, 46-49, 72, 73) . In mammalian cells PTB has been identified as a key splicing repressor. In this review we critically evaluate the role of PTB in exon silencing and speculate on possible mechanisms of its action. We also provide a brief discussion of potential ways in which selective exon inclusion could be achieved by cell-type-specific derepression.
PTB: A REPRESSOR OF EXON DEFINITION
PTB was discovered as a protein that bound the U-rich polypyrimidine tract of several introns (22, 70) . Multiple forms of PTB were observed and at least three different cDNAs, which are the result of alternative splicing, were cloned and sequenced (24, 54, 60) (Fig. 1A) . Numerous homologs have been subsequently identified, suggesting highly conserved function (Fig. 1B) . Sequence alignment reveals that the highest homology lies within the second RNA recognition motif (RRM2) and a flanking region that has been suggested to be required for PTB dimerization (53, 56) . RRM4, which is required for function (P. J. Grabowski, personal communication) is also highly conserved. The binding to active polypyrimidine tracts (22) and biochemical complementation assays (54) suggested a role in constitutive splicing; however, this view did not withstand the test of time. Mulligan et al. (51) noted that PTB bound sequences that repressed inclusion of exon 7 in the ␤-tropomyosin pre-mRNA and proposed that PTB was a repressor of splicing. This insightful proposal was supported by subsequent data from several laboratories.
PTB has also been implicated in other processes that may be unrelated to its role in pre-mRNA splicing, such as a regulation of cap-independent translation, localization of cytoplasmic RNA, and poly(A) site cleavage (see, for example, references 13, 27, and 50 and references therein). These activities are not discussed here. We address here evidence that PTB is a key regulator of splicing, and we argue that its major, if not only, effect on pre-mRNA splicing is exon silencing.
There are compelling, if not definitive, data that PTB mediates exon silencing. Here we define exon silencing as the opposite of exon definition (2) . PTB binds to intronic sequences that mediate splicing repression (intronic splicing silencers [ISS]) in a long list of alternatively spliced pre-mRNAs (1, 8, 10, 26, 51, 52, 65) (Fig. 2) . Mutation of the PTB binding sites within ISS sequences reverses both exon silencing in vivo and PTB binding in vitro (1, 8, 10, 12, 25, 26, 55, 65) . PTB has also been found to bind an exonic splicing silencer that represses use of a suboptimal 3Ј splice site in bovine papillomavirus type 1 (74) . Competition for PTB with exogenous RNAs (1, 10) and, more importantly, depletion of PTB (12, 65) leads to derepression of regulated exons in vitro. Readdition of purified or recombinant PTB can reconstitute repression (1, 12, 65) . Finally, in vivo overexpression of PTB enhances the silencing of exon IIIb in FGF-R2 pre-mRNAs (8) , and this effect depends on the presence of a PTB binding site upstream of exon IIIb (Fig. 2) . Overexpression of PTB did not result in an overall decrease in splicing. Similar results have been observed with an ␣-actinin splicing precursor (C. Smith, personal communication). These data suggest that PTB mediates exon silencing. PTB overexpression was also found to activate polyadenylation and concomitant inclusion of exon 4 as the 3Ј-terminal exon in the CT/CGRP pre-mRNA ( Fig. 2 ) (40). Lou et al. (40) posit that PTB binding to exon 4 promotes polyadenylation by stabilizing an interaction with U1 snRNP at the intronic enhancer of polyadenylation. PTB binding to sites both within exon 4 and the intronic enhancer are believed to be required to activate polyadenylation. A potential problem with this model is that mutations of the PTB binding site within exon 4 have no effect on polyadenylation. An alternative model predicts dual and competing roles for U1 snRNP bound to the enhancer: U1 snRNP could activate polyadenylation through enhancement of exon 4 recognition or it could be involved in a recursive (protein accession no. CAA46443), and PTB4 (protein accession no. CAA46444). The PTB4 isoform was also identified as a member of the hnRNP family and named hnRNP I (23) . Each of the isoforms has four RRMs (24, 54) , as well as an N-terminal nuclear localization signal (56) . RRM2, as well as the flanking sequence, has been demonstrated to be necessary for PTB oligomerization (53, 56) . RRM3 has been shown to be required for RNA binding (53, 56 ). RRM4 appears to be required for function but not for RNA binding and thus may bind to an unknown corepressor (Grabowski, personal communication). (B) Alignment of PTB protein sequences from seven species using the MacVector CLUSTALW Alignment function. Dark-gray regions within the alignment represent identity, while the light-gray regions denote conserved amino acid changes. Areas of purple shading are the RRMs, and the segment shaded in light red highlights the region of presumed alternative splicing. The NCBI protein accession numbers for these proteins are as follows: Homo sapiens PTB4, CAA46444; S. scrofa PTB4, CAA63597; Mus musculis PTB1, P17225; Rattus norvegicus PTB4, Q00438; Xenopus laevis PTB4, AAF00041; D. melanogaster PTB4, AAF22979; and Caenorhabditis elegans PTB4, T20381. splicing pathway leading to exon 5 inclusion (30) (Fig. 2) . PTB would repress the use of the zero-length exon predicted in recursive splicing, thus freeing U1 snRNP to activate polyadenylation. Overexpression of PTB would therefore increase the likelihood of this event. In this case, as in those mentioned above, PTB can be best thought of as an antagonist of exon definition (Fig. 2) .
Although PTB has the ability to interfere with exon definition, it seems likely that the presence of PTB binding sites is not sufficient to silence otherwise robust exons (25, 26, 37, 55) . This may be the case for exon 3 of the rat ␣-tropomyosin premRNA, which is silenced in smooth muscle cells but not in many other tissues. Although silencing of exon 3 requires PTB binding sites, it cannot be mediated by PTB alone, given that this protein is found in cells where exon 3 is included. Regulated weak exons require other silencer sequences or weak splice sites in order to achieve repression of exon inclusion. This is clearly the case with the IIIb exon of FGF-R2 in which, in addition to elements that bind PTB, silencing requires a weak polypyrimidine tract and an exonic silencer that interacts with hnRNP A1 (8, 16, 19) . PTB also appears to be a component of a multiprotein complex that assembles on regulatory elements in c-src and ␤-tropomyosin pre-mRNAs (10, 12, 29, 64) . Together, these data suggest that PTB acts in concert with corepressors to mediate exon silencing. Given its ubiquitous distribution in cell lines and tissues, it is likely that PTB provides global repression of weak exons. PTB may play a dual role by not only discriminating between splice sites and pseudo-splice sites during constitutive splicing but also setting the stage for cell-type-specific selection of regulated exons during alternative splicing.
MECHANISMS OF PTB REPRESSION
PTB binding sites sometimes overlap binding sites for U2AF 65 , and simple competition could account for the inhibitory action of PTB (37, 62) . A well-characterized example of a potential competition model is the repression of the 24-nucleotide exon of the GABA A ␥2 pre-mRNA. In this case, there are four silencer sequences that bind PTB and act in concert to inhibit the recognition of this exon. Three of these PTB binding sites surround the branch point, with one sitting within the associated polypyrimidine tract (Fig. 2) . In this particular example, PTB may be acting in a manner similar to the D. melanogaster female-specific splicing factor SXL on TRA pre-mRNA (28, 68) . SXL has but one site on the TRA premRNA and excludes access to U2AF 65 when bound, thus repressing the use of the non-sex-type-specific exon. In most other instances, PTB binding sites do not directly overlap the binding sites of GSFs (9, 10, 12, 25, 26, 55, 65) . In fact, it has recently been demonstrated for the SM exon in ␣-actinin that the critical sites do not overlap with the branch point and polypyrimidine tract of intron 3 (J. Southby and C. Smith, personal communication). Therefore, in this case and many others, PTB-mediated exon silencing is clearly not caused by direct competition with GSFs (see discussion about SXL below). Although these observations suggest that PTB may act by two distinct mechanisms, we argue below for a more parsimonious explanation.
The majority of exons silenced by PTB are flanked by PTB binding sites on both adjacent introns (Fig. 2) . Given that PTB can multimerize, it has been postulated that PTB proteins can interact across the exon (12, 53, 56) (Fig. 3) . Chou et al. (12) have shown evidence for such an interaction in vitro, demonstrating that mutations in the upstream binding site affected binding of PTB to the downstream site and vice versa. A very similar interaction was proposed for hnRNP A1 proteins binding on either side of a regulated exon of the hnRNP A1 premRNA (4). In that case the effect was postulated to be activation of the downstream exon by approximation. The idea that PTB can interact across exons fits well with the evidence that PTB is an antagonist of exon definition. The PTB sites flanking silenced exons could define a repressive zone within a pre-mRNA. Binding on both flanks is most reminiscent of the postulated mechanism for SXL autoregulation (31, 32) . The SXL protein binds in numerous positions flanking the malespecific exon 3 in its own pre-mRNA and prevents its inclusion. SXL interacts with the Drosophila U1A/U2BЉ homolog, a component of both U1 and U2 snRNPs, and is likely to interfere   FIG. 3 . Two potential mechanisms to define a zone of silencing. The left model predicts that PTB-PTB interactions between binding sites flanking an exon sequesters an exon, thus precluding the definition of this exon. The model on the right suggests that PTB can oligomerize across an exon, resulting in the coating of the exon, which will also antagonize its definition. The model on the right could also explain the silencing of exons that have a PTB site only on one flank; PTB could multimerize, covering a region of the RNA determined by interactions with other factors.
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on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ with both splice sites (20, 38) . It is not known, however, whether SXL multimerizes to promote an exon sequestration event or if it instead inhibits the recognition of the 5Ј and 3Ј splice sites independently. The data of Chou et al. (12) make it unlikely that PTB is independently inhibiting recognition of the 3Ј and 5Ј splice sites. We favor exon sequestration mediated in one of two ways: PTB-PTB interactions at a distance or PTB multimerization (Fig. 3) . The zone of repression formed by PTB may or may not involve direct competition with U2AF.
CELL TYPE-DEPENDENT DEREPRESSION OF EXONS
PTB is one of the mediators of global silencing of weak or otherwise highly regulated exons. It is interesting to examine how this layer of negative regulation is specifically derepressed in some cells and tissues. The question of how PTB action is counteracted probably separates PTB from SXL in terms of mechanistic similarities. In Drosophila, counteracting SXL is simple; its absence in males results in the inclusion of exons repressed by SXL in females. PTB, however, is expressed in most cell types, albeit at different levels (54) .
There are several examples of exons included only in neural cells; silencing in nonneural cells is attributed to PTB action (1, 10, 73) . How do neural tissues overcome the repressive effect of PTB? Lower levels of PTB in neural tissues and the presence of a neural type of PTB (nPTB) or brPTB (for brain PTB) have been proposed as explanations (10, 73) . Indeed nPTB can compete with PTB for binding of the RNA but has a weaker repressive effect (44) . Overexpression of nPTB, however, can inhibit neuron-specific exon activation by the Nova protein (57) , suggesting that nPTB may act both as an activator and as a repressor depending on the context. Levels of PTB per se may not be the whole answer, but a combination of lower levels of PTB and antagonizing factors could result in neuron-specific exon inclusion (11, 46, 47) . Recently, in splicing extracts from cells that include the c-src N1 exon, but not in extracts that exclude it, PTB binding was shown to be inhibited in the presence of ATP (Fig. 4) (12) . It is clear that PTB is not displaced by the ATP-dependent binding of U2 snRNP, and the identity of the process that mediates PTB dissociation is unknown.
In the case of the FGF-R2 pre-mRNA, exon IIIb is silenced in cells of mesenchymal origin, and this silencing is mediated in part by PTB (7, 8) . In epithelial cells, exon IIIb is included efficiently even though PTB is plentiful (69) . The activation of FIG. 4 . Two possible mechanisms of PTB derepression. (c-src N1 Derepression) In neural cell types it has been suggested that an activity that requires ATP is capable of displacing PTB from the intronic binding sites. This could allow the formation of a neuron-specific complex on the downstream control sequence enhancer resulting in the further activation of the exon (11, 44, (46) (47) (48) (49) . (FGF-R2 IIIb Derepression) In epithelial cells, exon IIIb is included. The repressive effect of PTB is overcome at least in part through the counteracting activity of yet-to-be-identified proteins, which could potentially stabilize a secondary structure between the two cis elements ISAR and IAS2 (7, 8, 15, 17 ; Wagner and Garcia-Blanco, unpublished).
exon IIIb is mediated by at least two cell-type-specific cis elements and others that appear to be activated in all cells (18) . Two of the cell-type-specific elements can form a predicted RNA secondary structure in which one stem would be located between seven consensus PTB binding sites in a downstream intronic silencer sequence (17) (Fig. 4) . Formation of this structure might be expected to interfere with PTB binding and exon silencing.
SUMMARY
PTB appears to be a global repressor of weak or regulated exons. We propose here that PTB multimerization sequesters these exons to prevent exon definition. This is likely critical not only to prevent inclusion of pseudo-exons but also to set up cell-type-specific exon definition. What remains unclear about PTB can probably be broken down into two basic questions. First, what is the precise mechanism of repression? Second, how is this mechanism circumvented? Most of the research to resolve the first question has focused primarily on identifying instances of PTB repression but has done little to understand how that repression is achieved. Recently, both in vivo and in vitro assays for PTB repression have been developed (8, 65) ; thus, a detailed structure-function analysis can be done. Information from this approach may address mechanistic questions such as if PTB multimerization is required for repression or if there are PTB cofactors. Understanding how this repression is lifted will probably be a more complicated issue. Overwhelming PTB may occur by numerous mechanisms, such as strengthening weak splice sites via activators such as TIA-1 (18) , causing the enhancement of inclusion via a tissue-specific expression of antagonizing RNA-binding proteins, or simply by modulating the expression of a PTB cofactor.
